The boll weevil, Anthonomus grandis grandis Boheman (Coleoptera: Curculionidae), has been a major pest of commercial cotton (genus Gossypium) in the United States for more than a century and is still of agricultural concern in southern Texas and parts of northern Mexico and Central and South America (Burke et al. 1986 , Scataglini et al. 2006 , Stadler and Buteler 2007 . The Swedish entomologist C. H. Boheman described A. grandis grandis in 1843 from a specimen collected in Veracruz, Mexico. The insect crossed the Rio Grande in 1892 and quickly moved through the Cotton Belt in the southeastern United States (Burke et al. 1986 , Allen 2008 . This range expansion is believed to have been a result of increased cotton production in northeastern Mexico after the devastation of the cotton-growing industry in the United States during the Civil War (Jones 2006 , Allen 2008 ). An increase in cotton agriculture in northern Mexico bridged a geographical gap for boll weevil migration and establishment in areas previously devoid of a host for the pest. This resulted in ruinous consequences for U.S. cotton production including ϾUS$10 billion in crop damage and management costs within the United States alone (Allen 2008) . Although the boll weevil has recently been eradicated from much of the southeastern United States and parts of northern Mexico, many areas continue to be active eradication zones in which management and associated costs are signiÞcant (Allen 2008) .
The boll weevil infests many species of wild cotton in addition to several noncotton hosts throughout the Americas, although phylogenetic analyses of the A. grandis grandis species group suggest it originated on Hampea (Malvaceae: Gossypieae) (Jones 2001) , found in southern Mexico and Central America. Re-search addressing phylogenetic or cladistic relationships of wild host-associated boll weevils by using molecular data are sparse and limited thus far to studies of weevils obtained from a single wild cotton host (Gossypium thurberi Todaro) (Roehrdanz 2001) and to weevil samples from cultivated and wild vegetation in South America (Scataglini et al. 2000 (Scataglini et al. , 2006 .
The boll weevil has been classiÞed into three forms, one form associated with cultivated cotton (Gossypium hirsutum L.) in the southeastern United States and northeastern Mexico (the southeastern boll weevil [SE] ), one form associated with the wild cotton G. thurberi in the Sonoran Desert of the southwestern United States and northwestern Mexico (thurberia boll weevil [TW] ), and one form associated with cultivated and wild cotton species (and a few other malvaceous hosts) elsewhere in Mexico (Mexican boll weevil [MX] ) (Burke 1968 , Burke et al. 1986 ). Both the SE and MX forms are pests of commercial cotton, whereas the TW form is not considered a pest, even though it may be found on G. hirsutum late in the season (Fye 1968) . Behavioral and morphological differences between TW and SE forms have been reported previously (zharvBurke 1968 , Fye 1968 , Burke et al. 1986 , with the MX form exhibiting traits intermediate to the other two forms (Warner 1966 , Burke 1968 , Burke et al. 1986 ). However, the phenotypic variation in morphological traits characteristic of the different boll weevil forms is not entirely genetically based, as revealed by larval diet experiments (Burke 1968 , Burke et al. 1986 ); therefore, they cannot be used directly for phylogenetic reconstruction or for direct taxonomic designation (Roehrdanz 2001) . Nevertheless, morphometric traits, especially in combination with genetic data, have shown potential for identifying the host plant or region of origin (Warner 1966 , Burke 1968 , Burke et al. 1986 ) and thus for indirectly assigning an individual to a taxonomic form based on this information.
Molecular markers have been used to evaluate support for the three weevil forms, and previous work by Roehrdanz (2001) supports a genetic separation between TW and SE forms. This separation concurs with the scenario proposed by Burke et al. (1986) whereby the boll weevil dispersed northward along the eastern and western coasts of Mexico, isolated by MexicoÕs central mountain ranges. Depending on the degree of isolation, genetic divergence of these populations through drift and local adaptation is expected. However, because genetic analyses have been limited principally to the TW and SE forms, it is unknown whether these two forms represent genetically distinct populations or are extreme phenotypes of a south-to-north gradient in genetic divergence from southern populations. At present, the molecular genetic data needed to evaluate these hypotheses are lacking and the evolutionary relationships among putative boll weevil forms are unclear. Analyses of boll weevil population genetic structure across the species range in North America would be helpful in resolving these issues and are economically and environmentally important given that the source of boll weevil outbreaks is important in the management the pest on commercial cotton in eradicated areas.
The detection of boll weevils by pheromone traps in an active or posteradication zone can trigger costly pesticide applications. The appropriate response by an eradication program depends in part on whether the captured weevils are from local populations infesting commercial cotton or long-distance migrants from cultivated or wild hosts (Kim et al. 2010) . Diagnostic markers to indicate source areas would be an important tool in helping management ofÞcials determine appropriate control tactics (Roehrdanz 2001) . As mentioned, suites of morphological characters could potentially serve in this regard (Warner 1966 , Burke 1968 , but the differences are subtle, and a diagnostic system has yet to be developed. Molecular markers are another potential avenue for diagnosing boll weevil forms.
In this study, we used DNA sequence data to infer evolutionary relationships among boll weevils sampled from across the geographical ranges of the traditional SE, TW, and MX forms. To date, intraspeciÞc DNA sequence variation in boll weevil has been analyzed using two loci, the internal transcribed spacer region II (ITSII) of the nuclear ribosomal RNA (Roehrdanz 2001, Roehrdanz et al. 2010 ) and mitochondrial cytochrome oxidase I and II (COI and COII, respectively) (Scataglini et al. 2006) . Here, we used sequence data from ITSII and COI plus three additional nuclear loci that have proven useful for populationlevel and shallow time phylogenetic analyses of other insect groups: nuclear elongation factor 1␣ (EF-1␣, Hughes and Vogler 2004) , arginine kinase (AK), and rudimentary gene (CAD; Wild and Maddison 2008) . We subjected these Þve loci to phylogenetic and coalescent analyses to evaluate the extent to which they support the classiÞcation of boll weevils into three forms (SE, TW, and MX) as opposed to only two forms, eastern and western.
The main objectives of this study are to 1) use molecular markers to better understand the population genetic structure of the boll weevil from Gossypium in North America and 2) to identify diagnostic molecular markers to differentiate forms from the most probable boll weevil classiÞcation scheme. Furthermore, because boll weevils attack both domesticated cotton cultivars and a number of wild cotton species in western Mexico, we also examined data for host-associated structure. The markers developed here should prove valuable for determining the populations of origin of boll weevils invading eradication zones, especially with increased genetic characterization of boll weevil populations originating on wild cotton hosts in Mexico.
and Gossypium davidsonii Kellogg, all previously identiÞed as potential reproductive hosts of this insect (Cross 1973) . Other host species, including Gossypium harknessii Bandegee and Gossypium gossypioides Smith and Cothern, also were reassessed for presence of boll weevils (Cross 1973 ), but they were not found to support them. Boll weevil adults obtained from cultivated cotton in northeastern Mexico and the southeastern United States were collected in pheromone traps Kim and Sappington (2004a) and Kim et al. ( , 2008 . Weevils from locations 1 and 5Ð12 (Table 1 ; Fig. 1 ) were sampled by traps from areas where no other hosts exist. Weevils from locations 2Ð 4 are within the range of G. thurberi, but they were sampled by traps placed in the center of cultivated cotton Þelds. In this case, we assumed sampled individuals originated from cultivated G. hirsutum. Specimens of Anthonomus hunteri (Burke & Cate) , the proposed sister species of A. grandis (Burke et al. 1986 , Jones 2001 , were included as an outgroup for phylogenetic analyses.
DNA Extraction. We extracted DNA from boll weevil forelegs (and from boll weevil heads in cases of low DNA concentration) by using the Puregene Core kit (QIAGEN, Valencia, CA), following the procedure described by Kim and Sappington (2004a) . The DNA collections and vouchers are stored at Mission Laboratory, Edinburg, TX.
Polymerase Chain Reaction. Primers for sequencing the one mitochondrial (COI) and four nuclear (AK, CAD, EF-1␣, and ITSII) loci were all obtained from the literature (Supp Table 1 [online only]). For the CAD locus, we ampliÞed a fragment of the carbamoylphosphate synthetase locus. Reaction conditions for nuclear genes included 40 ng of DNA template in 10-l reactions with 0.2 M Promega dNTPs, 2.5 M MgCl 2 (Bioline, Taunton, MA), 1ϫ NaCl buffer (Bioline), 0.4 U of Biolase TaqDNA Polymerase (Bioline), and 0.5 M each primer. All primers were synthesized by Integrated DNA Technologies (Coralville, IA). A Programmable Thermal Controller-100 thermocycler (MJ Research, St. Bruno, QC, Canada) was used for all polymerase chain reaction (PCR) reactions. For all nuclear genes, we used a touchdown method with thermocycler conditions: 95ЊC for 3 min, 95ЊC for 30 s, 58ЊC for 60 s, and 72ЊC for 50 s. We reduced the annealing temperature by 2ЊC every three cycles through 42ЊC. In total, there were 27 cycles, followed by a Þnal extension at 72ЊC for 15 min. For COI, we used thermocycling conditions of 94ЊC for 3min, 30 cycles of 94ЊC for 60 s, 56ЊC for 60 s, 72ЊC for 60 s, and a Þnal extension at 72ЊC for 10 min.
Because of low DNA quality in samples from some populations, we were only able to obtain sequence reads from a subset of individuals. The Tecoman samples were particularly affected by DNA degradation as Listed are site number (also see Fig. 1 a result of sample age, yielding limited data for the nuclear genes assayed. Sequencing. Sequencing was performed on a 3730 DNA Analyzer (Applied Biosystems) at the Iowa State University DNA Facility (Ames, IA) by using ABI Big Dye v. 3.1 (Applied Biosystems), with 0.5 M primer 1ϫ Big Dye buffer and 1ϫ Big Dye per 10-l reaction. Sequencing and PCR products were cleaned with Þne DNA grade Sephadex columns (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom), following the manufacturerÕs instructions. We sequenced COI from more individuals than other loci because we anticipated a higher mutation rate and resolution of intraspeciÞc genetic structure than for the nuclear genes and because this locus was previously used for analysis of A. grandis (Scataglini et al. 2006) . Nucleotide sequences described in this article have been deposited in GenBank under the following accession numbers: AK, JQ894407ÐJQ894430; CAD, JQ894431ÐJQ894452; COI, JQ894340 ÐJQ894406; EF-1␣, JQ894471ÐJQ894490; and ITSII, JQ894453Ð JQ894470, AY882992ÐAY83003, EF194205ÐEF194224, and EU215423.
Data Analysis. Sequence Alignment and Evaluation. All sequences were aligned using ClustalW (Thompson et al. 1994) in Bioedit (Hall 1999 ) and translated to detect stop codons and frame-shifts, which may indicate the presence of pseudogenes. Unique sequences were identiÞed with Collapse v. 1.2 (Posada 2011 ) and used in subsequent evolutionary tree construction. Sequences for each locus were analyzed separately. The number of polymorphic sites, number of informative sites, number of unique sequences, sequence diversity, nucleotide diversity (and its variance), and theta (4N and its standard error) were estimated with DnaSP v. 5 (Librado and Rozas 2009) . Frequencies of unique sequences and sequence divergence were calculated with Mega v. 4.0 (Tamura et al. 2007) , and the most parsimonious model of evolution for each locus was determined using FindModel (www.hiv.lanl.gov/content/sequence/Þndmodel/ Þndmodel.html).
Genetic Evaluation of Boll Weevils Forms. We Þrst addressed genetic support for four hypotheses of evolutionary relationships among boll weevil forms (Fig.  2 , models 1Ð 4) by identifying single nucleotide polymorphisms (SNPs) for each of the Þve loci that are diagnostic of particular boll weevil forms. We also constructed maximum parsimony networks for each locus with TCS v. 1.21 (Clement et al. 2000) , by using a 95% cutoff and resolving connection ambiguities (unique sequences that may have arisen from one of several possible ancestral sequences) following the methods of Pfenninger and Posada (2002) . Boll weevil forms were mapped onto these networks to evaluate support for models 1Ð 4 (Fig. 2) .
Analysis of molecular variance (AMOVA) and Bayesian phylogenetic analyses were conducted for each individual locus and for a combined dataset of COI, AK, EF-1␣, and CAD. ITSII was omitted from the combined analysis because of small sample sizes resulting from problems amplifying homologous sequences within some samples from western Mexico. We conducted AMOVA using GenAlEx (Peakall and Smouse 2006) to quantify genetic differentiation -statistics) for a three-level hierarchical model consisting of forms, populations within forms, and individuals within populations. We also conducted AMOVA to quantify differentiation among boll weevils collected from the Þve different host species in western Mexico (Table 1) . For all AMOVA models, signiÞcance of differentiation was determined by permutation (1,000 replicates). Because the AMOVA calculated in GenAlEx is based on Euclidean distances Table 1 ). The cotton host species from which boll weevils were collected are indicated by three shapes: cultivated cotton, G. hirsutum, circle; G. thurberi, triangle; and other wild cotton host species, square. The dashed line demarcates eastern and western regions.
between individuals, we also compared the AMOVA results for each locus with those of the closest model of evolution in Arlequin v. 3.1 (described below; ExcofÞer et al. 2005) . We found similar model support with both methods, so we only reported AMOVA results from GenAlEx.
To evaluate population genetic support for the four models of boll weevil diversiÞcation (Fig. 2) , we compared coefÞcient of determination and AkaikeÕs information criterion with correction for small sample size (AICc) values from associated AMOVA analyses. To assess performance of models by R 2 we simply ranked models based on the amount variation explained. Although comparison of R 2 values is qualitative, the difference in AICc values between models (⌬AICc) provides a more formal approach to model selection (Burnham and Anderson 2002) and was applied to AMOVA models following Halverson et al. (2008) . The larger AICc of two compared models is considered to have considerably less support when 4 Ͻ ⌬AICc Ͻ 7. When AICc Ͼ10, the model with the larger ⌬AICc is considered to have no support and the smaller AICc is preferred. When ⌬AICc Ͻ2, the competing models are considered to have comparable support.
To determine phylogenetic support for models 1Ð 4 (Fig. 2) , we constructed trees for each locus using Bayesian methods, where hypothesized groups of interest (forms or regional collections) were constrained to monophylies. All Bayesian tree searches were performed using MrBayes v. 2.03 (Huelsenbeck et al. 2001 ) on the CIPRES Science Gateway (Miller et al. 2010) . The best models of evolution for each locus were as follows: COI, General Time Reversible (GTR) ϩ Gamma; AK, Tamura-Nei; EF-1␣, TamuraNei ϩ Gamma; CAD, TamuraÐNei ϩ Gamma; and ITSII, GTR. Because computational time was not a concern given the size of our data set and the fact that the closest model to the TamuraÐNei model in MrBayes was GTR, we used a GTR model with invariant sites (Tavare 1986 ) for all sequence types. Searches were run with four simultaneous chains sampling every 1,000 generations for 1,000,000. Temperature of chain swapping was Þrst assessed at 0.2, 0.5, and 1.0. Because we saw no differences in topology or support among the temperatures, we reported results only for 0.2. All trees were rooted with a sample of A. hunteri, a closely related species in the A. grandis species group (Jones 2001) .
For each locus and the combined data set (excluding ITSII), we evaluated the Þt of the data to models 1Ð 4 (Fig. 2) by using Bayes factors that were calculated as the ratio of marginal likelihood values of two competing models. For interpretation purposes we worked with the absolute value of twice the natural logarithm of the Bayes factor Kass and Raftery (1995) : if between 0 and 2, the difference in support for the two competing models is "not worth more than a bare mention"; between 2 and 6, there is positive support for the model with the higher marginal likelihood; between 6 and 10 there is strong support; or Ͼ10, there is very strong support.
Contingent on results of the AMOVA and Bayesian analyses described herein, we conducted additional analyses framed with respect to the hypotheses of the three-or two-form model best supported by the data. We used partial Mantel tests using the Ecodist package (Goslee and Urban 2007) in R v. 2.12.1 (R Core Team 2010) to evaluate the joint effects on pairwise genetic distances between populations of 1) geographic distance and geographical region (eastern versus western Mexico) and 2) boll weevil form (SE, MX, and TW) and geographical distance. SigniÞcance of tested effects on genetic distance was obtained from pairwise adjusted mean bootstrap values. We report this test for COI, AK, CAD, and EF-1␣ (excluding ITSII because of small sample sizes.
Isolation by Distance. Population pairwise linearized F ST estimates (F ST /[1 Ϫ F ST ]) (Rousset 1997) were calculated for each pair of populations in Arlequin v. 3.1 (ExcofÞer et al. 2005 ) and regressed on the natural log of interpopulation distance (km) to test for isolation by distance (IBD) using a Mantel test (1,000 permutation replicates; Manly 1986). We reported results of this analysis only for COI because this locus had the highest haplotype diversity and provided the greatest resolution of IBD over a range of geographical scales.
Coalescent Testing. We used the program IMa (Hey and Nielsen 2007) to estimate effective migration rates and divergence time between eastern (EMX) and western (WMX) boll weevil populations deÞned in Fig. 2 . The Hasegawa, Kishino, and Yano (HKY) model of evolution was used for each locus because it was the closest model available in IMa. Posterior sampling came after a burn-in of 100,000 iterations and lasted for 10,000,000 steps with two chains. By assessing the effective sample size, comparing results from at least three independent runs, and inspecting trend plots for each parameter, we concluded this runtime length to be sufÞcient to reach reproducible parameter estimates. Because speciÞc mutation rates are unknown for most genes used in this study, we evaluated a range of mutation rates for nuclear genes (10
Ϫ6
, 10
Ϫ7
, and 10 Ϫ8 base pair substitution per gene per year), as suggested by Carstens et al. (2005) , to assess the range of estimates of time because of population divergence. For COI, we used a mutation rate of 1.5 ϫ 10 Ϫ8 base pair per gene per year (Papadopoulou et al. 2010) . Although estimates of historical demography are subject to large variances, we presented these estimates of migration and time divergence to aid in assessing form divergence in the face of ancestral polymorphism and recurrent gene ßow.
Results
Data on sequences represented in each boll weevil sample population are summarized in Table 2 .
Genetic Evaluation of Boll Weevils Forms. We found one Þxed SNP difference to completely distinguish each of the three traditionally identiÞed forms (SE, TW, and MX; models 1Ð3) at alignment position 152 in COI but found no other SNPs to completely differentiate these forms (Table 3 ). In addition, no other locus could differentiate TW from MX (Table  3 ). In contrast, we observed Þve Þxed SNPs in COI (positions 152, 164, 227, 278, and 362) and one Þxed SNP in EF-1␣ (position 471) to distinguish eastern versus western forms (Table 3) . We also found seven Þxed SNPs to distinguish the SE versus MX forms (Þve COI, one CAD, and one EF-1␣), 11 SNPs to distinguish SE versus TW (seven COI, one EF-1␣, and three ITSII), and one SNP to differentiate MX versus TW (COI) ( Table 3) .
We found sequences that were unique to and shared between the largely western TW and MX forms and absent from the exclusively eastern SE form. The number of unique sequences shared out of total number of unique sequences per locus were as follows: COI, 1/52; AK, 2/15; CAD, 1/16; EF-1␣, 0/19; and ITSII, 1/22 (Table 2) . Indicated are the site number (corresponding to site locations in Fig. 1 and Table 1 ), numbers of samples sequenced per locus from each site (N), and the identiÞcation number of each sequence found at a site (number of times a sequence was found at a site is given in parentheses if Ͼ1).
Haplotype and nucleotide diversity ranged from 0.495 to 0.986 (mean ϭ 0.836) and 0.004 Ð 0.027 (mean ϭ 0.014), respectively (Supp Table 2 [online only]). The theta estimate in western populations was higher than eastern populations for three loci (COI: W ϭ 1.0544, E ϭ 0.137; EF-1␣: W ϭ 0.677, E ϭ 0.003; and ITSII: W ϭ 0.095, E ϭ 0.022) (Supp Table 2 [online only]) and lower than eastern populations for two loci (AK: W ϭ 0.023, E ϭ 0.032; CAD: W ϭ 0.031, E ϭ 0.074) (Supp Table 2 [online only]). The maximum parsimony networks for COI and EF-1␣ showed a clear distinction between eastern (EMX and SE) and western forms (WMX and TW) ( Fig. 3a and d) , a distinction also largely supported by ITSII (Fig. 3e) but not the remaining two loci (Fig. 3b  and c) .
With the exception of AK, AMOVA analyses revealed signiÞcant divergence between east and west regions (COI: -RT ϭ 0.567, P ϭ 0.001; AK: RT ϭ 0.041, P ϭ 0.025; CAD: RT ϭ 0.428, P ϭ 0.001; EF-1␣:
RT ϭ 0.190, P ϭ 0.001; and ITSII: RT ϭ 0.213, P ϭ 0.001) ( Table 4) . We also found signiÞcant differentiation among populations within the eastern region for COI, AK, and CAD (COI: PR ϭ 0.269, P ϭ 0.001; AK: PR ϭ 0.574, P ϭ 0.005; and CAD: PR ϭ 0.400, P ϭ 0.001) (Table 4) but not EF-1␣ ( PR ϭ 0.177, P ϭ 0.164) (Table 4) . Similarly, we found signiÞcant differentiation among western populations for COI, AK, and EF-1␣ (COI: PR ϭ 0.274, P ϭ 0.001; AK: PR ϭ 0.191, P ϭ 0.003; and EF-1␣: PR ϭ 0.181, P ϭ 0.016) (Table 4) but not CAD ( PR ϭ 0.064, P ϭ 0.059) ( Table 4) . We also found signiÞcant differentiation among boll weevils collected from different host species within the Sonoran Desert (populations: 14 Ð20) at COI, AK, and EF-1␣ (COI: HT ϭ 0.231, P ϭ 0.001; AK: HT ϭ 0.141, P ϭ 0.050; and EF-1␣: HT ϭ 0.157, P ϭ 0.019) (Supp Table 3 [online only]), with weaker but signiÞcant differentiation at CAD ( HT ϭ 0.051, P ϭ 0.033) (Supp Table 3 [online only]). AMOVA models evaluating model 4 (Fig. 2d) showed signiÞcant differentiation among eastern and western boll weevil forms for all Þve loci (Supp Table  4 [online only]). Models 2 (eastern versus western boll weevils with distinct thurberia and western forms, Fig. 2b ) and 3 (traditional boll weevil forms with unclear evolutionary relationships, Fig. 2c ) explained signiÞcant genetic variation for all loci but AK (Supp Table 4 [online only]). Model 1 (three forms [SE, TW, and MX] where TW is sister to a clade of SE and MX, Fig. 2a) showed signiÞcant differentiation only for ITSII (Supp Table 4 [online only]).
Comparing AMOVA models by ⌬AICc (Table 5) , the east versus west model (model 4, Fig. 2d ) was supported over, and explained more genetic variation than, models 1Ð3 in all cases except for ITSII and for the combined data set. Also, there was inconsistent support among loci when comparing models 1 and 3, with the exception of ITSII and the combined dataset. In contrast, ITSII strongly supported model 1 over models 2 and 4. The combined data set, however, could not differentiate a preferred model. Consistent with the maximum parsimony networks, Bayesian phylogenetic analyses of COI and EF-1␣ showed a clear distinction between eastern forms (EMX and SE) and western forms (WMX and TW) ( Fig. 4a and d) , with trees for the remaining three loci also containing some eastern and western speciÞc clades (Fig. 4b, c , and e). In contrast to ⌬AICc evaluation of AMOVA models, evaluation of the support of Bayesian phylogenies for models 1Ð 4 using two times the natural logarithm of the Bayes factor showed no distinction between any models across all loci and combined locus dataset (all values Ͻ2; Supp Table 5 [online only]).
Partial Mantel tests indicated a signiÞcant effect on genetic distance of geographical distance taking into account eastern versus western region for CAD and EF-1␣, and, conversely, of region given geographic distance for COI and CAD (Table 6 ). We also found a signiÞcant effect on genetic distance of traditionally deÞned boll weevil form (SE, TW, and MX) given geographic distance for COI, CAD, and EF-1␣; and of geographic distance accounting for form for CAD (Table 6).
Isolation by Distance. We observed a minor but signiÞcant correlation between population-level genetic differentiation and geographic distance by means of the Mantel test over all samples (R 2 ϭ 0.029, P ϭ 0.001), all western samples (R 2 ϭ 0.029, P ϭ 0.014), and western samples omitting those from the Baja Peninsula (R 2 ϭ 0.076, P ϭ 0.005). In contrast, there was no signiÞcant IBD pattern over the range of southeastern boll weevil (R 2 ϭ 0.003, P ϭ 0.220) or among mainland Sonoran Desert sites (R 2 ϭ 0.081, P ϭ 0.193). Coalescent Results. Although we observed genetic evidence of vicariance between boll weevils from eastern and western Mexico, we also detected low rates of bidirectional gene ßow between the two regions using IMa. Eastward and westward migration rates averaged 1.23 and 0.61 individuals per generation, respectively. The estimate of divergence time since the original vicariance event ranged between 0.22 and 141.39 million yr ago, representing a 95% conÞdence envelope.
Discussion
Overall, model tests using AMOVA and ⌬AICc suggest that model 4 (Fig. 2) , representing eastern and western forms, best explains the historical and evolutionary relationships within the boll weevil (Table 5) . Although we found TW to be genetically indistinguishable at AK, CAD, and EF-1␣ from other western samples, including the putative MX form, we did identify a SNP in COI (position 152) distinguishing TW and MX (Table 3) , and ⌬AICc support for model 1 and its three traditional forms (including a distinct TW) for ITSII. Although Roehrdanz (2001) and Roehrdanz et al. (2010) identiÞed mitochondrial (mt)DNA and ITSII markers, respectively, that are diagnostic among the three forms, precise discernment between trapped TW and SE forms was not possible. In our analysis, ITSII was a poor diagnostic of the TW and MX forms, yet adequate for distinguishing the TW and SE forms.
Our genetic data support the idea that boll weevils traditionally classiÞed as the SE form differ from populations traditionally classiÞed as the TW form and the Fig. 3 . Maximum parsimony sequence networks of A. grandis grandis constructed from DNA sequence data from genes COI (a), AK (b), CAD (c), EF-1␣ (d), and ITSII (e). Networks were constructed using 95% conÞdence levels; connections within networks outside of these conÞdence intervals are indicated with dotted lines in the networks where they occur. Sequences are indicated by the identifying numbers given in Table 2 . Node size is proportional to the number of sample individuals represented by a sequence. Small black circles and ticks through connecting lines represent hypothetical sequences indicating the number of mutational changes between sampled sequences. Shading and hatching of nodes indicates geographical region or boll weevil form: SE form (light gray), western MX (white), eastern MX (vertical lined), and TW form (dark gray).
MX form in the west. Thus, our data best support only two forms, eastern and western, with the caveat that more samples from southern Mexico, Central America, and other hosts may reveal other forms. From limited sampling in Oaxaca, however, we do observe genetic similarity between the SE form and samples from southeastern Mexico. Populations from eastern and western sites of North America showed signiÞcant differentiation, especially at the EF-1␣ and COI loci, with a number of Þxed SNPs by region (Table 3 ). The question of whether the traditional SE form differs from the MX form east of the mountains was not completely addressed and would beneÞt from more samples. The step cline in variation in morphological characters between the SE form and eastern MX form that occurs near the Lower Rio Grande Valley recognized by Burke (1968) and Burke et al. (1986) is striking and form the basis for hypothesizing an SE form. The uniform morphology of the SE form found north of the Rio Grande Valley is evidence of the initial founder event and subsequent rapid dispersal throughout the southeastern United States at the beginning of the past century. Results presented here strongly reßect these events in the relatively low genetic diversity found in all sequences analyzed from the southeastern United States compared with populations on wild and cultivated cotton from Mexico.
We found signiÞcant differentiation among populations from different host species within western Mexico; yet, little genetic distinction between sympatric populations of boll weevil collected from G. thurberi and those from other wild and cultivated cottons in Sonora (Fig. 3a, b , and e). Behavioral differences between the traditional TW and MX weevil forms, in particular in host preference, support the notion that there are distinct forms of boll weevil. For example, cultivated cotton Þelds in Arizona that are located near natural populations of G. thurberi remain unaffected by TW populations posteradication (Roehrdanz 2001) . Our genetic data, however, do not support a thurberia form phylogenetically distinct from the traditional MX form, at least those from our western sample locations. Burke et al. (1986) postulated that temporal isolation between the two forms was sufÞcient to produce behavioral barriers to substantial gene ßow but was not long enough to prevent all interbreeding when sympatric. Maintenance of behavioral differences between distinct forms of a species despite hybridization and introgression at neutral loci is certainly possible, as in the case of pheromone races of European corn borer, Ostrinia nubilalis (Hü bner) (Lepidoptera: Crambidae) (Dopman et al. 2005) .
Our Þndings do not support the designation of three forms (TW, SE, and MX), in part because there is no sequence distinction between populations of TW and adjacent populations on cultivated or other wild cottons in the western region, classically deÞned as the MX form, with the exception of alignment position 152 in the COI locus. Lack of Þxed nucleotide differences and of substantial differentiation among boll weevils collected from speciÞc cotton hosts in the Sonoran Desert and Colima, Mexico (Supp Table 3 [online only]), likewise do not support the classiÞcation of a TW form distinct from the MX form; rather, our sequence data support a western form that subsumes the TW. The distinct mtDNA restriction fragment-length polymorphism haplotypes that Roehrdanz (2001) reported for TW were compared with SE populations, not MX populations, and are consistent with our proposal of eastern and western forms. It will be important to compare those same markers between boll weevil populations on G. thurberi and cultivated cotton, although this is no longer straightforward given the successful eradication of the latter from Arizona and California. However, populations from further south in western Mexico would provide relevant comparisons. Our prediction is that, like the markers reported in this study, the restriction fragment length b Within-region sample sizes for ITSII were too small to perform within-region analyses. Table 2 and are followed by the sample location east or west of the central mountainous divide in Mexico and the United States. Also shown is the form of weevil (MX, TW, and SE) represented by each unique sequence. Each tree was rooted using A. hunteri as outgroup (not shown). Information on which populations and boll weevil forms are represented by each unique sequence is described in Table 2 . polymorphism markers will not indicate substantial differentiation between TW and western Mexico populations.
Although the three form classiÞcation models (models 1 and 3, Fig. 2) are not as well supported as the east versus west classiÞcation, distinction of TW from WMX may still be useful and warranted in an eradication context, as long as observations continue to support the behavioral difference in host preference. Development of an assay based on morphological characters (Burke 1968 , Burke et al. 1986 ) combined with a molecular assay developed to genotype the COI locus at position 152 (Table 3) could be particularly powerful and mutually supporting when a positive identiÞcation of form is needed for an individual captured in an erstwhile eradicated zone. The former would indicate the host history, and the latter would indicate the phylogenetic form and thus its presumed host preference. Together, the dual approach would help mitigate the uncertainties arising from imperfect isolation of the two forms in areas of close sympatry between G. thurberi and G. hirsutum.
Weevil Radiation and Dispersal. Our results are in accordance with the Burke et al. (1986) Gossypium host than by geographical region (east versus west). MexicoÕs central Sierra Madre Occidental seems to be a signiÞcant barrier to gene ßow between these two regions with migration occurring instead south to north along the respective coastlines in either region. The G. aridum-associated population in Oaxaca, southern Mexico, has sequences similar to those found in northeastern Mexico (Fig. 3a, d , and e), supporting the hypothesis that the cotton-host origin of the boll weevil likely occurred in southern Mexico.
The historical host shift of boll weevil from Hampea to Gossypium is believed to have occurred east of the mountains in southern Mexico, in Chiapas or the Oaxacan Valley (Warner and Smith 1968, Jones 2001) . Although the genotypes of the eastern boll weevil subgroup seem derived from those of the western subgroup relative to the A. hunteri outgroup (Fig. 4d) , this result may reßect inadequate sampling in eastern Mexico. Boll weevils collected from cultivated cotton in Arizona seem to fall within a western clade (Figs.  2 and 3) , which further supports the Burke et al. (1986) hypothesis of a two-coast northern expansion. Anecdotal evidence of boll weevil sightings in the eighteenth century on cultivated cotton in northwestern Mexico also suggests that populations of western boll weevils have been residing on cultivated cotton in this region for longer than the SE form has been on cultivated cotton in the southeastern United States (Escobar-Ohmstede 2004) that may explain the greater sequence and nucleotide diversity in the western boll weevil clade ( shifts to adjacent wild host species. Alternatively, the Þrst host switch away from Hampea could have been a single event to one of several cotton species endemic to south central Mexico, followed by subsequent spread to other wild cotton species and cultivated cotton. The COI sequence most closely related to the outgroup was from a western boll weevil (Fig. 3a) , whereas the most common COI sequence (51) was restricted to eastern samples. These results suggest that more ancestral genetic diversity remains in the western region and that variation was lost as the boll weevil expanded its range northward to northeastern Mexico and the United States (Fryxell and Lukefahr 1967 , Burke et al. 1986 , Jones 2001 , an observation reported across many marker systems (allozymes, Terranova et al. 1990 ; mitochondrial DNA restriction fragment length polymorphisms, Kim and Sappington 2004a; randomly ampliÞed polymorphic DNA, Kim and Sappington 2004b, and simple sequence repeats, .
We found fewer haplotypes in eastern populations than in the west for several loci (Fig. 3a, b, and d) , which may reßect founder effects associated with the rapid range expansion of eastern populations out of northeastern Mexico and through the Cotton Belt in the twentieth century. In contrast, geographical expansion northward and host shifts onto additional cotton species in western Mexico probably occurred much earlier and over a greater time span, allowing for the evolution of greater diversiÞcation. Northern expansion and diversiÞcation of the boll weevil in western Mexico also may have been aided by connectivity of populations on several wild western cotton species with overlapping distributions (Burke et al. 1986 ). More recently, this effect may have been enhanced by the prevalence and spatial homogeneity of small-scale cotton cultivation in the west compared with the east. Shown for each locus and model are partial correlations (r) and associated P values (P) for the effect of the Þrst factor listed in a column, taking into account the second-listed factor.
Although Kim and Sappington (2004a,b; 2006) found signiÞcant patterns of IBD across the entire southeastern boll weevil range and within regional clusters of populations by using COI, we detected no IBD for southeastern boll weevil. Our failure to detect signiÞcant IBD patterns is not surprising given our lower sampling within the southeastern United States. Although Kim and Sappington (2004a,b; 2006) did detect signiÞcant IBD, the magnitude of genetic differentiation between populations was actually low to modest given the extensive geographical area encompassed by their study. However, we detected low but signiÞcant IBD among the western samples, including populations from mainland Mexico alone, and for the combined data set of samples from mainland Mexico and the Baja Peninsula.
Coalescent models indicate historically greater migration from east to west (east to west, 1.23 migrants per generation; west to east, 0.61 migrants per generation) The historical expansion northward along the west coast likely occurred before cotton cultivation and involved exploiting wild cottons as hosts. The boll weevil seems to have been historically more widespread in western Mexico, and we might have anticipated more gene ßow from west to east. However, cotton cultivation allows the buildup of large boll weevil populations and thus would have generated greater propagule pressure from the east than from the west.
Host Adaptation and Pest Status. Although we did not detect Þxed differences among host-associated boll weevil populations in the western region, we did Þnd signiÞcant genetic differentiation among populations collected from different host species in Sonora. However, we did not Þnd a signiÞcant correlation between genetic distance and host species having taken into account geographic proximity (R ϭ 0.03, P ϭ 0.118).
Boll weevils are differentially attracted to plant volatiles, leaf color, and gossypol content among races of G. hirsutum (McKibben et al. 1977 , Hedin and McCarty 1995 , Allen 2008 . It is possible that local populations have adapted to characteristics of speciÞc hosts and may be preferentially attracted to local cotton species for feeding and oviposition. This in turn could affect the degree of connectivity with populations developing on other hosts. In addition, wild cottons vary in seasonal timing of ßower and fruit production (Ulloa et al. 2006) , and boll weevils may be adapted to different phenologies of particular Sonoran hosts, attacking plants at different times. Such differences have been reported for TW on wild cotton versus boll weevils adapted to cultivated Þelds in Arizona, accounting for the purported lack of economic importance for the former (Fye 1968 , Bottrell 1983 .
Although the particular ancestral cotton host from which all boll weevils originated remains unclear, our data may suggest (Fig. 4a ), in accordance with previous literature, that the most likely origin is in south central Mexico. Because several cotton hosts are distributed in the area (G. aridum, Gossypium barbadense L., G. hirsutum, and G. gossypioides), there might have been several host shifts among cottons that subsequently led to rapid expansion. Because G. aridum is a known contemporary host of boll weevil (Cross 1973 ; A.P.K., personal observation) and has a large range from southern to northwestern Mexico, this species may have been especially important for boll weevil spread northward to the Sonoran Desert. Because local boll weevil populations on G. aridum are apparently small (A.P.K., personal observations), continuous pre-Colombian cultivation of cotton throughout Mexico (Rodriguez-Vallejo 1976) may have contributed to expansion through the west, although our Þnding of an SNP distinguishing TW and MX forms and signiÞcant IBD in western Mexico indicate lower contributions of cotton cultivation in the northward expansion of boll weevils on the western coast.
Our results suggest that a reassessment of intraspeciÞc boll weevil classiÞcation may be necessary. Rather than forms deÞned by host-speciÞcity (TW) and a vague region type (MX), we have found that the mountainous region running north to south through the center of Mexico likely represents a major barrier to gene ßow, resulting in vicariance and differentiation of eastern and western boll weevil forms. Though we do detect some connectivity between the east and west through bidirectional migration, genetic differentiation is high and even Þxation of unshared SNPs at multiple loci were observed between populations from the two regions. These differences may form the basis for diagnostic markers to distinguish boll weevils native to eastern and western parts of Mexico where cotton is cultivated. Greater insight into the origin of the boll weevil and its association with cotton will require additional sampling in southern parts of Mexico.
